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Abstract  Excitation functions for the formation of various radionuclides of Nb, Zr, Y and Sr 
in proton-induced reactions on natural zirconium were measured up to 66 MeV using the 
stacked-foil technique. New data are presented for 89m,89gNb, 90(m+g)Nb, 91mNb, 92mNb, 
95m,95gNb, 96Nb, 86Zr, 87(m+g)Zr, 88Zr, 89(0.94m+g)Zr, 95Zr, 85m,85gY, 86m,86(0.99m+g)Y, 87m,87(0.984m+g)Y, 
88Y, 90mY, 91mY and 85(0.87m+g)Sr. The experimental results are compared with the available 
literature data as well as the evaluated theoretical predictions by means of the TALYS code, 
up to 70 MeV, as compiled in the TENDL-2013 library. For a number of short-lived 
radionuclides, i.e. 85mY, 85gY, 86mY, 90mY, 91mY and 87(m+g)Zr, the present experimental cross 
sections are likely the first to be reported for their formation in natZr+p. 
 
 
 
1. Introduction 
Excitation functions for Zr+p nuclear processes have been investigated by several groups 
in the past. In recent years, however, there has been a renewed interest in these reactions due 
to the importance of Zr in several nuclear applications, in particular pertaining to planned new 
nuclear facilities. Zirconium is, for example, commonly employed as a construction material 
in nuclear reactors (as a highly corrosion-resistant alloy), a cladding material for nuclear fuel, 
as a surface coating in specialized fields (both as a metal and in compound form such as ZrN) 
and as a base material for ceramics. It is expected to be an important structural material in 
future nuclear energy systems with advanced nuclear fuel cycles, whether based on 
accelerator driven systems (ADS) or fast reactor (FR) technology (cf. Ref. [1] and references 
therein). In particular for ADS, activation data are required up to higher energies than before. 
In this regard, for example, a recent study endeavoured to find an optimal set of proton optical 
potentials specifically for all the individual stable Zr isotopes as well as natZr [2] in order to 
predict with better reliability the unmeasured Zr+p cross sections using nuclear model 
calculations.  
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An ambitious goal is the use of Monte Carlo radiation transport calculations on a 
geometrically complete model of a nuclear facility followed by quantitative calculations of all 
the radioactive activation products formed in all the materials in order to predict the build-up 
of radioactive waste, as well as radiation induced damage, as it develops over the expected 
operational lifetime of that facility. Reliable quantitative data for natZr+p are therefore 
essential. 
Excitation-function data for Zr+p are also important in the fields of radionuclide 
production and nuclear wear measurements. Zirconium is a potential target material for the 
production of some positron emitting medical radionuclides that can be used for immuno-PET 
scans (labeling different antibodies with blood-clearance half-lives of days to weeks). These 
radionuclides include 86Y (T1/2 = 14.7 h) and 90Nb (T1/2 = 14.6 h) [3]. Several longer-lived 
radionuclides produced in Zr-containing surfaces via interactions of light charged particles 
can be employed to follow the surface loss (wear) of those materials. Among the activation 
products, 91mNb (T1/2 = 60.86 d), 92mNb (T1/2 = 10.15 d), 95gNb (T1/2 = 34.975 d) and 95Zr (T1/2 
= 64.02 d) have suitable decay characteristics for low-energy thin layer activation (TLA) 
studies (cf. Ref. [4]). 
In an analysis of the available experimental results for nat,90,91,92,94,96Zr+p reactions 
resulting in the formation of different Nb, Zr, Y and Sr radionuclides, it transpired that the 
database of the majority of the reactions are not only scanty but also often contradictory. As 
will become apparent in the discussions below, serious discrepancies persist even in very 
recent experimental works. To resolve some of these problems and to provide databases for 
the most important reactions, a project was initiated to systematically re-measure excitation 
functions for the majority of the Zr+p processes. In this regard, we present here new 
measurements for natZr+p up to 66 MeV. The experimental results are compared with the 
available literature data and the evaluated theoretical predictions by means of the TALYS 
code as compiled in the TENDL-2013 library [5]. As far as we know, in the cases of a number 
of short-lived radionuclides, namely 85mY, 85gY, 86mY, 90mY 91mY and 87(m+g)Zr, no previously 
measured excitation-function data have been published in the literature. 
 
 
 
2. Experimental 
 
2.1 Irradiations 
The well-known stacked-foil activation technique was used to measure the excitation 
functions of radionuclides produced in natZr+p nuclear reactions from their respective 
thresholds up to nominally 66 MeV. Five separate irradiations were performed; three at the 
separated-sector cyclotron facility of iThemba LABS in Faure, South Africa, one at the MGC-
20E cyclotron laboratory of ATOMKI in Debrecen, Hungary and one at the AVF-930 
isochronous cyclotron facility of the National Institute of Radiological Sciences (NIRS) in 
Chiba, Japan.  
At iThemba LABS, the first stack contained 16 natZr target foils and was irradiated with 
an average beam current of 80 nA for 3 hours to cover the energy region 66→20 MeV. The 
second stack was identical to the first one, but targets and other foils from the 9th Zr sample 
were removed before the activation. In the case of the third experiment, the stack was 
extended with the Zr foils from 9 to 16 (and the appropriate monitor and degrader foils). 
These stacks were irradiated similarly as the first one, but for shorter periods, of nominally 20 
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minutes each, in order to assay the relatively short-lived radionuclides (<4 h) in the energy 
regions 66→45 MeV and 45→20 MeV. All the stacks consisted of high-purity natural Zr foils 
of 17.9 mg/cm2 thickness (99.8+%, Goodfellow, UK), 45.9 mg/cm2 thick Cu monitor foils 
(99.9%, Goodfellow, UK), 115.9 mg/cm2 thick Ti monitor/degrader foils (99.99%, 
Goodfellow, UK), as well as a selection of Al and Cu degrader foils of various thicknesses to 
obtain well-spaced proton energies across the entire energy region of interest. The 
bombardments were performed in an accurately calibrated Faraday chamber mounted at the 
end of an external beamline, details of which can be found in Ref. [6]. The beam was 
collimated to a spot of 4 mm in diameter. The beam currents and accumulated charges were 
measured with a Brookhaven Instruments Corporation Model 1000C current integrator 
connected to a computer, which made it possible to log all values in 1 s intervals during 
bombardment. The Faraday chamber was evacuated to the same pressure as the beamline, 
allowing the first foil in each stack to receive the full extracted beam energy, the latter of 
which was accurately measured using a calibrated 90º bending magnet. 
At ATOMKI, the stack contained 21 foils of natural Zr of 17.9 mg/cm2 thickness 
(99.8+%, Goodfellow, UK). These target samples were interspersed with Cu degrader foils 
which also served as monitors. A range of Cu foils with thicknesses of nominally 44.8, 22.4 
and 8.96 mg/cm2 were used to obtain well-spaced proton energies in the region 18→4 MeV. 
The irradiation time was 2 hours at an average beam current of 60 nA. The beam was 
collimated to a spot size of 4 mm in diameter. The small stack holder was mounted at the end 
of an experimental beamline and irradiated in vacuum. The incident beam energy was 
measured using the two-probe relative phase difference method which has an intrinsic 
accuracy of better than 3x10-3 [7]. 
A single stack consisting of high purity natZr (thickness: 9.78 mg/cm2) foils, supplied by 
Nilaco, Japan, was activated at NIRS. It was irradiated at the end of an external beamline of 
the AVF-930 isochronous cyclotron in order to assay the relatively short-lived radionuclides 
in the energy region 49.4→12.2 MeV. Thin Cu foils (8.96 mg/cm2) and Ti foils (of 13.52 and 
4.56 mg/cm2 thickness, respectively) served as monitors while thick Co foils (270 µm) were 
used as beam degraders. These foils were also purchased from Nilaco. Similar to the iThemba 
LABS and ATOMKI experiments, the beam was also focused to a spot of 4 mm in diameter. 
The stack fitted inside a calibrated Faraday chamber which was separated from the beamline 
vacuum by a 100 µm thick Al entrance window foil. The extracted beam energy was 
determined by magnetic deflection to be 49.8 MeV, corresponding to an effective incident 
energy of 49.4 MeV as a result of the small degradation in the window foil. The irradiation 
lasted for 1 hour while the beam current was kept constant at a value just below 50 nA.  
 
2.2 Radionuclide assays 
Off-line γ-ray spectra were repeatedly measured for all the activated foils after 
bombardment. At all three laboratories, accurately calibrated HPGe detectors were used. At 
iThemba LABS, the detector had a relative efficiency of 15% with a resolution of 1.8 keV 
FWHM at 1.33 MeV. Canberra Genie 2000 analysis software was used in conjunction with a 
Canberra DSA 1000 multi-channel analyzer system to determine the photo-peak areas 
quantitatively. At ATOMKI and NIRS, the detectors had relative efficiencies of 10% and 
30%, respectively, with corresponding resolutions of 2.1 keV FWHM and 1.8 keV FWHM at 
1.33 MeV. The photo-peak areas were determined using a quantitative analysis software 
package at NIRS (supplied by Laboratory Equipment Japan) and the FGM program at 
ATOMKI [8].  
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2.3 Data analysis 
The cross sections of the identified activation products were calculated from their 
characteristic γ-ray emissions using decay data from the NuDat 2.6 database [9] except for the 
branching ratios of 91mNb, 89gNb, 87gZr and 85gY, which were taken from Ref. [10]. The decay 
data used for this purpose are presented in Table 1. The well-known activation formula [11] 
was employed and corrections were made for decay losses during and after bombardment as 
well as during counting. 
The integrated beam current of each bombardment was measured electronically using 
calibrated current integrators and was checked independently using appropriate monitor 
excitation functions. The following three IAEA recommended monitor reactions [12] were 
used for the above purpose: natTi(p,xn)48V (long activation at iThemba LABS and the NIRS 
experiment), natCu(p,xn)62Zn (all stacks at iThemba LABS and NIRS experiment) and 
natCu(p,n)65Zn (long activation at iThemba LABS and ATOMKI experiment). In Figs. 1, 2, 
and 3 the measured cross sections for 48V, 62Zn and 65Zn, respectively, are compared with the 
recommended values. Beam fluxes determined by direct integration agreed well (within 6%) 
with the monitor reaction results. 
The average energy corresponding to each foil in a stack was calculated using the 
stopping power formula of Anderson and Ziegler [13] and independently checked with the 
Monte Carlo code SRIM of Ziegler and Biersack [14]. Good agreement was found 
throughout. 
 
The total uncertainties in the measured cross sections were obtained by summing all the 
contributing uncertainties in quadrature and are expressed with a 1ơ (68%) confidence level. 
These include the uncertainty in beam current integration (3%), counting geometry (1%), 
detector efficiency (5%), decay corrections (2%), foil thickness (3%) as well as a variable 
component due to the counting statistics. The uncertainty in energy of each measured data 
point was estimated from the uncertainty in incident beam energy, the energy region 
subtended by the foil thickness and straggling as the beam traversed the stack. 
 
 
 
3. Results and Discussions 
 
3.1. General 
A literature search for relevant experimental cross sections found 14 studies that reported 
excitation functions for Zr+p reactions in different energy intervals below 70 MeV [15–28]. 
All authors measured the activity of their irradiated samples non-destructively, i.e. without 
prior chemical separations. The majority of the experimental works employed natural Zr foils 
as targets. Those authors who employed enriched target materials [16,21,24,26,28] reported 
cross sections only for lower energy regions (<10 MeV) except Levkovskij [21], who 
presented data up to 30 MeV. These data were converted to natural isotopic composition for 
comparison with the measurements on natural targets, where appropriate. Takács et al. [29] 
have shown that all cross-section data for proton-induced processes reported by Levkovskij 
should be decreased by 20% based on the presently accepted value of the monitor reaction 
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(natMo(p,X)96mTc) used in his original work. These ‘updated’ values of Levkovskij are 
reproduced in the appropriate figures. 
In accordance with Michel et al. [22], the measured cross sections will be called 
‘independent’ in this work if either the product nuclide is naturally shielded from the decay of 
its radioactive precursor(s) or if the cross sections of the precursor(s) were determined too. 
The sum of all independent cross sections of radionuclides decaying to the product will be 
called ‘cumulative’. The latter type of cross sections is usually measured in cases where the 
half-lives of all radioactive precursors are short compared to that of the nuclide in question, so 
that the precursors can completely decay before measuring the target activity. The results 
below are ordered by decreasing mass number of the residual nuclei.  
 
3.2. Formation of Nb radionuclides 
There are seven radionuclides of niobium with half-lives between 0.8 h and 200 d that 
can be produced via proton-induced nuclear reactions on Zr targets. Altogether nine authors 
reported independent and/or cumulative cross sections for natZr+p processes, leading to the 
formation of 97Nb, 96Nb, 95Nb, 92Nb, 91Nb, 90Nb and 89Nb in either metastable or ground 
states, in different energy regions [15,16,21–26,28]. The present results for 96Nb, 95mNb, 
95gNb, 92mNb, 91mNb, 90(m+g)Nb, 89mNb and 89gNb are shown in Figs. 4–11, respectively, while 
the numerical values are presented in Table 2. Although 97Nb has a half-life of 1.202 h, the 
experimental conditions did not allow us to measure the rather small cross sections for its 
formation (via 96Zr(p,γ)97Nb). Only one author reported numerical values for this process, 
below 8 MeV [28]. 
The available literature values, corrected where necessary, are also reproduced in the 
appropriate figures. To improve the clarity of figures containing multiple data sets, in the 
majority of cases the energy and cross-section uncertainties are not shown on the plotted data 
points with the exception of the present results. In a few figures that contain only sparse data, 
all data points are presented with uncertainties: Figs. 5, 8, 10 and 11 (natZr(p,xn)95mNb, 
natZr(p,xn)91mNb,  natZr(p,xn)89mNb and natZr(p,xn)89gNb reactions, respectively).  
 
 
3.2.1. The natZr(p,n)96Nb reaction 
Only one reaction populates the ground state of 96Nb (T1/2 = 23.35 h) directly, namely 
96Zr(p,n)96Nb. This ground state decays to 96Mo, which is stable. The available literature data 
[15,16,21–23,25,26] and new results are shown in Fig. 4. Most of the data sets show 
acceptable agreement with each other. The excitation function reaches a peak maximum of 
about 14 mb near 8 MeV. The converted data of Skakun et al. [25] exhibit a somewhat higher 
value for the maximum, about 17.8 mb. Beyond 20 MeV, only two groups reported cross 
sections [22,26]. The data of Uddin et al. [26] seem to be systematically higher (20–40%) 
than the values of Michel et al. [22] in this energy region. Some of the data of Michel et al. 
(below 15 MeV) appear to be shifted towards lower energies by 1–2 MeV.  
The present measurements provide 31 new cross-section values between 3 and 54 MeV 
(see Table 2 and Fig. 4). As far as we know, data are presented for the first time beyond 44 
MeV. The excitation function based on the present measurements, both in shape and 
magnitude, is consistent with the previous literature results. The present values also support 
the data of Michel et al. above 20 MeV. 
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The TENDL-2013 data [5] are mostly in good agreement with the experimental results, 
especially in the peak region of the excitation function. Between 13 and 24 MeV, however, 
the TENDL-2013 curve over-predicts the majority of the experimental cross sections. At 
these energies, the agreement is better with the data of Uddin et al. but outside this region the 
theoretical curve shows better agreement with the values of this work and those of Michel et 
al.   
 
 
3.2.2. The natZr(p,2n)95mNb process 
Two long-lived states of 95Nb are populated directly via the 96Zr(p,2n)95Nb reaction in the 
investigated energy region, namely 95mNb (T1/2 = 3.61 d) and 95gNb (T1/2 = 34.99 d). The 
metastable 95mNb is also formed via the decay of a precursor, namely 95Zr (T1/2 = 64.032 d). 
This latter radionuclide is produced via two reactions: 96Zr(p,pn)95Zr and 96Zr(p,d)95Zr. In 
addition, at proton energies above 11.64 MeV the formation of 95Y (T1/2 = 10.3 m) via the 
96Zr(p,2p)95Y reaction will also contributes. The 95Y decays completely to 95Zr while the 
ground state of 95Zr decays not only to 95mNb but to 95gNb as well (branching ratios 1.08% and 
98.90%, respectively [30] (see also subsection 3.3.1 and Table 1). The 95mNb decays to the 
ground state 95gNb (IT: 94.4%) and also feeds 95Mo (β -: 5.6%) [9].  
Since the threshold energies of the 96Zr(p,2n)95Nb, 96Zr(p,pn)95Zr and 96Zr(p,d)95Zr 
reactions are very close to each other (7.59, 7.94 and 5.69 MeV, respectively), the 95mNb 
activity originating from the (p,2n) reaction alone cannot be measured independently without 
chemical separation. Knowing, however, the respective excitation functions of the 
natZr(p,X)95Zr process and the 96Zr(p,2p)95Y reaction, the production cross sections for the 
natZr(p,2n)95mNb reaction can be derived, in principle, by subtracting the contributions of 
feeding via 95Zr and 95Y decay from the 95mNb activity (see Ref. [22] for details). Taking into 
account, however, the different half-lives of 95Zr and 95mNb (TZr-95/TNb-95m ≈ 18) and the small 
branching ratio for feeding of 95Zr to 95mNb, the contributions of the 96Zr(p,pn)95Zr and 
96Zr(p,d)95Zr reactions are almost negligible. By measuring the 95mNb activity after a short 
cooling period and employing short measurement times, the contributions of the above 
processes can be decreased further. Thus, by neglecting the contributions from precursor 
decay, independent cross sections for the natZr(p,2n)95mNb reaction can be derived sufficiently 
from the measurements but with somewhat higher uncertainties. 
The available literature results [21–23] are shown in Fig. 5. According to the papers of 
Michel et al. [22] and Murakami et al. [23], they published independent cross sections (i.e. 
corrected for the decay of 95Zr). Due to a lack of experimental details, the assumption is made 
that the cross sections of Levkovskij [21] have likewise been corrected for precursor decay. 
The data of Levkovskij and Murakami et al. are in acceptable agreement with each other. 
However, the data of Michel et al. show a very large deviation, by more than a factor of 3 in 
the peak region. While all the authors report the peak maximum at the same energy (near 14 
MeV), the respective maxima of about 7.5, 8.5 and 31 mb constitute a large discrepancy.  
In the present investigation, the 95mNb activities were measured relatively close to EOB 
using short counting times. These cross sections (14 values, see Table 2 and Fig. 5) are in 
good agreement with the results of Levkovskij and Murakami et al.  
The TENDL-2013 data [5] systematically under-predict the excitation function, showing 
the peak maximum of about 4 mb to be shifted towards a lower energy of close to 12 MeV.  
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3.2.3. The natZr(p,X)95gNb process 
The reactions responsible for the formation of 95gNb (T1/2 = 34.99 d) are the same as in the 
case of 95mNb (see subsection 3.2.2). In addition, the ground state is also populated by the 
decay of 95mNb (T1/2 = 3.61 d) via an isomeric transition (94.4%). Due to this fact and taking 
into account that the feeding via 95Zr decay is more significant in the case of 95gNb, the 
evaluation of the independent cross sections of the natZr(p,2n)95gNb reaction is even more 
complicated. A reliable method depends on knowledge of the excitation functions of the 
natZn(p,X)95Zr and natZn(p,X)95mNb processes. In this case, one can subtract precursor decay 
contributions from the measured 95gNb activities and calculate the independent cross sections 
(see also Ref. [22] for details). Similar to the case of 95mNb, the above-mentioned scheme 
requires carefully planned 95gNb activity measurements, starting immediately after EOB and 
using short counting times. In this way, only small fractions of the produced 95mNb and 95Zr 
will have decayed to 95gNb at the time of measurement. This leads to increased uncertainties 
of the measured cross sections.  
In spite of the above difficulties, six groups [15,21–23,26,27] published cross sections for 
the natZn(p,X)95gNb process. Figure 6 contains the available literature results. Two authors 
[22,23] reported independent cross sections after corrections: Michel et al. [22] took into 
account the influence of the longer-lived precursor (95Zr) but it is not clear whether this is also 
the case for the decay of 95mNb. Murakami et al. [23] corrected their values both for 95mNb 
and 95Zr decay. The detailed experimental conditions of Levkovskij [21] are not described in 
his original work, but it is assumed that the decays of both precursors were also taken into 
account. The activity measurements of Uddin et al. [26] started 5 hours after EOB and the 
values were not corrected for the decays of 95mNb and 95Zr. According to the paper of Al-
Abyad et al. [15], the activity measurement started after the complete decay of the 95mNb. 
(Corrections for 95Zr were not mentioned in their work.) Consequently, the cross sections of 
both the Uddin and Al-Abyad groups are considered to be cumulative for the formation of 
95(m+g)Nb. The data of Visotskij et al. [27] are rather dubious since the reported cross sections 
extend significantly into the energy region below the 96Zr(p,2n)95gNb reaction threshold. 
The majority of the data sets exhibit a prominent peak at about 17 MeV but with a spread 
of maxima. It ranges from 16 mb (Uddin et al.) to 27 mb (Michel et al.). Although the results 
of Al-Abyad et al. contain significant precursor contributions, their data nevertheless follow 
the main trend. Uddin et al. reported the lowest values among the research groups. In general, 
their data are around 20% lower than the average of the others as well as unexpectedly low 
around 40 MeV. Also noteworthy is that the data of Michel et al. are significantly shifted 
towards lower energies in the region below 20 MeV. 
We measured the 95gNb activities in the natZr samples (29 data points) close to EOB by 
using short counting times and corrected the photo-peak areas for 95Zr and 95mNb decay 
contributions before calculating the cross sections (see Table 2 and Fig. 6). In the peak region, 
the present results show good agreement with the data of Al-Abyad et al., Levkovskij and 
Murakami et al. Above 25 MeV, the new data support the values of Michel et al. 
The TENDL-2013 data [5] reproduce the shape of the excitation function well with a 
maximum value of 28 mb at about 16 MeV. It is evident, however, that there is better 
agreement with the values of Michel et al. than with the other works, especially in the peak 
region. 
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3.2.4. The natZr(p,xn)92mNb process 
There are two long-lived states of interest in 92Nb. The metastable state has a half-life of 
10.15 d while the ground state is extremely long-lived (3.47 x 107 y). Both states decay to 
stable 92Zr. The ground state will not be further considered in this work. Below 66 MeV, three 
nuclear reactions form 92mNb, namely 92Zr(p,n)92mNb, 94Zr(p,3n)92mNb and 96Zr(p,5n)92mNb. 
This radionuclide has no precursors, thus the reported cross sections are for its direct 
production.  
Prior to the present investigation, eight authors [15,16,19,22,23,25–27] presented 
independent cross sections for the natZr(p,xn)92mNb process, shown in Fig. 7. The low-energy 
activations by Blaser et al. [16], Skakun et al. [25] and Vysotskij et al. [27] provided data 
only for the 92Zr(p,n)92Nb reaction below 8 MeV. The results of those studies, which were 
performed on enriched targets, have been converted to the natural isotopic composition of 
92Zr (17.15%) for purposes of comparison.  
The excitation function shows two prominent peaks in the investigated energy region. 
The first one is located near 11 MeV and the second near 26 MeV. The majority of the 
experimental results give the maximum of the first peak around 100 mb (80–115 mb). The 
data of Michel et al. [22] seem to be shifted towards lower energies below 24 MeV, by as 
much as 3 MeV at their lowest-energy measurement. Due to the limited number of the 
measured data points, it is difficult to accurately determine the peak maximum of Uddin et al. 
[26]. Based on an eye-guide fit, it is estimated to be about 45 mb at 10 MeV. 
The various sets of experimental results are very scattered in the region of the second 
peak. While the energies of the respective maxima [19,22,26] are in reasonably good 
agreement (around 28 MeV), the corresponding cross-section values range between 16 mb 
(Uddin et al.) and 58 mb (Michel et al.). It is surprising to note that two sets of results 
reported from the same laboratory, within one year, also show a big difference: Khandaker et 
al. [19] published an almost three times higher maximum (around 46 mb) than Uddin et al. 
(16 mb) for the second peak. Even more surprising is that most of the co-authors are common 
to both studies. 
The new cross sections (34 data points, see Table 2 and Fig. 7) cover the whole energy 
region up to 66 MeV. The results are consistent with the majority of the previous 
experimental works. In the case of the second peak and higher energies, our measurements are 
in good agreement with the results of Michel et al. 
The TENDL-2013 data [5] satisfactorily reproduce the energy positions and the cross-
section maxima (110 mb at 11 MeV for the first peak and 64 mb at 25 MeV for the second 
peak). It should be noted, however, that above 30 MeV the theoretical curve is systematically 
lower than the experimental data.  
 
 
3.2.5. The natZr(p,xn)91mNb process 
In addition to the ground state (T1/2 = 680 y), one metastable state (T1/2 = 60.86 d) is also 
populated during the formation of this radionuclide. The four reactions responsible for 91mNb 
production are: 91Zr(p,n)91mNb, 92Zr(p,2n)91mNb, 94Zr(p,4n)91mNb and 96Zr(p,6n)91mNb. The 
metastable state decays both to the ground state of 91Nb (95%) and to 91Zr (5%). The very 
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long-lived 91gNb decays to stable 91Zr. There are no precursors, thus the reported cross 
sections are for the direct production of 91mNb. 
 
Four previous works presented independent cross sections for the natZr(p,xn)91mNb 
process [16,22,23,27], shown in Fig. 8. Blaser et al. [16] and Vysotskij et al. [27] presented 
data only for the 91Zr(p,n)91mNb reaction below 8 MeV. These data, obtained using enriched 
targets, have been converted to the natural isotopic composition of 91Zr (11.22%). In general, 
the available data show relative big scatter. The results of Blaser et al. and Vysotskij et al. 
show good agreement with each other. The results of Murakami et al. [23] seem to support 
their data. In contrast, the results of Michel et al. [22] are significantly shifted towards lower 
energies. Indeed, similar shifts were observed for the natZr(p,xn)92mNb and natZr(p,X)95gNb 
processes.  
Three peaks can be distinguished in the excitation function, corresponding to the three 
participating reactions mentioned above. The maxima are located around 10, 14 and 38 MeV. 
The data of Murakami et al. is compatible with a maximum of about 30 mb for the first peak. 
In the case of the second peak, the maxima vary between 58 mb (Michel et al.) and 65 mb 
(Murakami et al.). Only Michel et al. presented cross sections for the third peak near 38 MeV, 
reporting a maximum of about 12 mb. 
The present measurements (24 new values, see Table 2 and Fig. 8) are in good agreement 
with the results of Murakami et al. and support their data concerning the positions and the 
maxima of the two lower-energy peaks, as shown in Fig. 8. The agreement between the 
present data and those of Michel et al. is generally poor.  
The TENDL-2013 data [5] exhibit the three expected peaks and show good agreement 
with the present results up to about 28 MeV. There is, however, a systematic overestimation 
of all the experimental results in the region of the third peak.  
 
3.2.6. The natZr(p,xn)90(m+g)Nb process 
Proton bombardment of natural Zr opens five reaction channels below 70 MeV that form 
90Nb. Details of these reactions can be found in Table 1. Besides the ground state (T1/2 = 14.6 
h) a relatively short-lived metastable state, 90mNb (T1/2 = 18.8 s), is also populated during the 
irradiations but it decays completely to the ground state. The 90gNb state has no other 
precursors. Taking into account the usual measuring set-ups, it is possible to evaluate the 
excitation function only after the complete decay of the directly-formed metastable state. The 
measured cross sections are therefore cumulative.  
The previously published cross sections are also cumulative, denoted by 90(m+g)Nb for 
clarity, and reproduced in Fig. 9. This process was investigated by the majority of the authors: 
nine of the fourteen groups who studied natZr+p presented cross sections for this process in 
different energy regions [15,18–23,25,26].  
Just as in subsection 3.2.5, three peaks can also be observed in the excitation function of 
the natZr(p,xn)90(m+g)Nb process. Except in the case of one work [20], all results locate the 
position of the first peak between 14 and 15 MeV [15,18,19,21–23,25,26]. The entire 
excitation function based on the work of Kondtrat’ev et al. [20] seems to be shifted by 3–5 
MeV towards higher energies. In addition, their data are systematically lower than those of 
the other authors. The data of Khandaker et al. [19] also seem shifted towards higher energies 
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but by a lesser amount, only about 1–2 MeV. The various maxima for the first peak vary 
between 350 and 520 mb. The curious disagreement between the data sets of Khandaker et al. 
[19] and Uddin et al. [26], which were performed in the same laboratory and reported within 
one year from another, continues to surprise us. While for the natZr(p,xn)92mNb process 
Khandaker et al. presented systematically higher values than Uddin et al. (see subsection 
3.2.4), in the present case the trend is largely in the opposite direction. Uddin et al. now have 
10–20% higher cross sections than Khandaker et al. In contrast to the previous two nuclear 
processes (subsections 3.2.4 and 3.2.5), the data of Michel et al. [22] show good agreement 
with the general trend of the excitation function. Interestingly, the data of Busse et al. [18], 
measured on enriched targets above 15.5 MeV, show a sharper decrease beyond the first peak 
maximum than any of the other data sets. However, their lower energy data points measured 
on both natural and enriched Zr samples are consistent with the majority of the previous 
results.  
Five authors reported cross sections in the region of the second peak [19–22, 26]. Based 
on their results, the second peak is located around 32 MeV with maxima ranging between 120 
and 150 mb, except Kondtrat’ev et al. who presented the lowest maximum for this peak, 
around 60 mb at 34 MeV. Likewise, the results of Kondtrat’ev et al. are also systematically 
lower than those of Michel et al. in the region of the third peak (maxima of 40 and 60 mb, 
respectively). 
The present work produced 30 measured cross sections for the natZr(p,xn)90(m+g)Nb 
process, also shown in Fig. 9 with numerical values in Table 2. The new data are consistent 
with the majority of the previous results, especially with the most recent values [15,23]. The 
respective peak maxima are around 420 mb (at 17 MeV), 130 mb (at 31 MeV), and 60 mb (at 
56 MeV).  
The TENDL-2013 data [5] show acceptable agreement with the majority of the 
experimental results. Beyond the first peak, however, there is a slight systematic 
underestimation compared to the general trend, if the data of Kondtrat’ev et al. are 
disregarded. Also, the peak positions are slightly shifted towards lower energies (16, 30 and 
50 MeV, respectively).  
 
 
3.2.7. The natZr(p,xn)89mNb process 
Similar to the case of the previous process (subsection 3.2.6), five reactions are also 
responsible for the formation of 89mNb (T1/2 = 1.10 h) and 89gNb (T1/2 = 2.03 h) in the energy 
range studied (see Table 1). Both the metastable and the ground states decay separately via 
EC to 89Zr, which further decays to stable 89Y. The proton activation of natZr targets does not 
produce any precursors of 89m,gNb. 
The available experimental cross sections were measured on highly enriched targets 
(Levkovskij [21]: 90Zr(p,2n)89mNb and 91Zr(p,3n)89mNb; Busse et al. [18]: 90Zr(p,2n)89mNb). 
Their converted results are reproduced in Fig. 10. The data of the two groups show very good 
agreement with each other in the comparable energy region. Unfortunately, Busse et al. 
reported only 4 cross sections in the threshold region of the excitation function. Thus, the 
energy position of the maximum cross section and its magnitude can be estimated only from 
the work of Levkovskij (about 85 mb near 24 MeV). 
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Our present work not only resulted in 23 cross sections, but extended the available data 
set of this process with 16 new values beyond 30 MeV (see Table 2 and Fig. 10). The present 
measurements agree well with the existing literature results except for a slightly lower 
maximum of 73 mb. 
For this process, the TENDL-2013 data [5] significantly underestimate the experimental 
values in the entire investigated energy region except near the threshold. Note that due to the 
high natural abundance of 90Zr in the targets (51.45%), the shape of the excitation function is 
dominated by the 90Zr(p,2n)89mNb reaction. 
 
 
3.2.8. The natZr(p,xn)89gNb process 
For the production and decay of 89gNb (T1/2 = 2.03 h) please refer to the previous section 
and also to Table 1. Only three cross-section values near the threshold were reported by Busse 
et al. [18], the only previous investigators of the 90Zr(p,2n)89gNb nuclear reaction, to our 
knowledge. Their converted data are shown in Fig. 11. These data are too sparse to conclude 
anything concerning the shape of the excitation function.  
According to the present results (24 data points, see Table 2 and Fig. 11), the excitation 
function exhibits a broad peak with a maximum of about 380 mb near 26 MeV.  
Similar to the case of the natZr(p,2n)89mNb processes, the TENDL-2013 data [5] also 
under-predict the measured values significantly. The shape of the theoretical curve seems to 
be in reasonable agreement with the measured data but the maximum is somewhat shifted 
towards a lower energy (about 220 mb near 24 MeV).   
 
 
3.3. Formation of Zr radionuclides 
Among the seven radionuclides of zirconium that has half-lives between 0.8 h and 200 d, 
six can also be produced via proton-induced reactions on natZr targets (95Zr, 93Zr, 89Zr, 88Zr, 
87Zr, and 86Zr). Below 70 MeV, seven authors reported cross sections for metastable and/or 
ground states of 95Zr, 89Zr, 88Zr and 86Zr radionuclides in different energy regions [17,19,21–
24,26]. Besides the above 4 radionuclides, the formation of 87Zr was also studied in this work. 
The results of the present work for 95Zr, 89(0.94m+g)Zr, 88Zr, 87(m+g)Zr and 86Zr are shown in Figs. 
12–17, respectively, while the numerical values are compiled in Table 3. The available 
literature values, corrected where necessary, are also shown in the appropriate figures.  
The measurements of Michel et al. [22] exhibit a rather strange phenomenon. Between 30 
and 60 MeV, three or four outlying data points (associated with very big energy and cross-
section uncertainties) differ significantly from the excitation-function trends depicted by the 
rest of the data. No details are available in the original paper as to whether those values are 
from different irradiation(s) or not. We shall discuss this problem in some detail below. It 
should also be noted that this phenomenon is evident not only for Zr but for Y and Sr 
radionuclides as well. 
Due to the relatively large number of experimental works, the energy and cross-section 
uncertainties are not added to the data points in the figures, except in the cases of the present 
work and the natZr(p,X)88Zr and natZr(p,X)86Zr processes.  
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3.3.1. The natZr(p,X)95Zr process 
As already mentioned in subsection 3.2.2, only the ground state of 95Zr (T1/2 = 64.032 d) 
is populated directly by two reactions (see also Table 1.). There is, however, another reaction 
on 96Zr that produce the precursor 95gY (T1/2 = 10.3 m) which feed 95Zr. Therefore, the 
contribution of 95Y decay to the cross sections of the natZr(p,X)95Zr nuclear process should be 
taken into account. Since the threshold of the 96Zr(p,2p)95Y reaction (11.64 MeV) is located at 
a higher energy than those of the direct reactions populating 95Zr (7.94 and 5.69 MeV, 
respectively), the influence of 95Y would be observed only at higher energies. Without a 
proper and quick chemical separation, however, one cannot remove 95Y from the activated 
samples, consequently only cumulative cross sections can be evaluated for the natZr(p,X)95Zr 
process. Unfortunately, there is a potential interfering process that can also form 95Zr, namely 
activation by secondary neutrons via the 96Zr(n,2n)95Zr reaction. Such experiment-dependent 
contributions are difficult to quantify but should be kept in mind – hopefully they are small 
enough to neglect. 
Searching the literature, we found only three authors who previously reported cumulative 
cross section for the natZr(p,X)95Zr nuclear process [21–23]. None of the literature sources 
discussed the possible problem of the neutron-induced reaction on 96Zr. Their results are 
reproduced in Fig. 12. The cross sections of Levkovskij [21] and Murakami et al. [23] support 
each other in the overlapping energy region below 14 MeV. As is evident in the figure, the 
cross sections of Levkovskij are rather scanty at higher energies (above 20 MeV). Although 
the data of Michel et al. are also largely in agreement with the previous results, their 
excitation function seems to be shifted towards lower energies by about 1–2 MeV. Above 30 
MeV, only the latter author published cross sections. Based on the available data, the 
excitation function reaches a single maximum of about 4.8 mb near 30 MeV (neglecting the 
outlier points of Ref. [22]) and slowly decreases afterwards up to 70 MeV.  
The present study provides 25 new cumulative values to the database of the natZr(p,X)95Zr 
nuclear process (see Table 3 and Fig. 12). Our measurements support the literature results and 
is in excellent agreement, especially, with the two lower-energy studies [21,23].  
In general, the TENDL-2013 data [5] reproduce the shape of the experimental trend rather 
well but seem to be shifted towards higher energies (2–4 MeV). Due to this, the energy 
position of the maximum (5.3 mb) is also moved to a somewhat higher value of 36 MeV.  
 
 
3.3.2. The natZr(p,X)89(0.94m+g)Zr process 
There are two relatively long-lived states in 89Zr. The metastable state (T1/2 = 4.18 m) has 
a much shorter half-life than the ground state (T1/2 = 78.41 h). The metastable state feeds both 
89gZr (IT: 93.77%) and 89Y (stable). The ground state decays 100% to 89Y. Besides nucleons, 
the emission of clusters (deuterons and tritons) may significantly contribute, thus as many as 
14 reactions participate (see Table 1). In addition, 89Zr is also formed through the decay of 
89Nb (see subsections 3.2.7 and 3.2.8). Taking into account this rather complex production 
route for 89Zr and the experimental conditions reported in the available works [19,21,22,26], it 
was possible for those authors to extract cross section only after the complete decay of the 
directly-formed metastable state as well as the precursors 89mNb and 89gNb. Thus, cumulative 
cross sections for 89(0.94m+g)Zr were measured in those experiments. Similar to the previous 
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case (see subsection 3.3.1) secondary neutrons can also form the residual nucleus 89Zr (via the 
90Zr(n,2n), 91Zr(n,3n), 92Zr(n,4n), 94Zr(n,6n) and 96Zr(n,8n) reactions).  
As can be concluded from Fig. 13, the two earlier studies [21,22] show good agreement 
with each other and exhibit a broad peak around 26 MeV. Their respective maxima are also 
similar, about 520 mb. The results of Uddin et al. [26] also support this maximum, however, 
their curve seems to be shifted a little towards higher energies (by about 2 MeV). In the 
threshold region of the excitation function, Khandaker et al. [19] agrees well with the data of 
Uddin et al. but above 20 MeV they reported systematically lower values. Their maximum is 
almost 45% lower. As before, it has to be remarked as surprising that experimental values 
reported from the same laboratory within one year show such a large difference. In addition, 
both authors [19,26] reported cross-section values much below the threshold of the 
90Zr(p,d)89Zr reaction (9.85 MeV, marked with a black arrow in Fig. 13). This may be due to 
neutron activation of the target foils. 
The present study produced 19 cross-section values up to 66 MeV (see Table 3 and Fig. 
13). The new results agree well with the data of Uddin et al. and predict almost the same 
maximum (490 mb at 28 MeV) as in Refs. 21,22 and 26. Beyond the peak region, our values 
largely support the results of Michel et al. 
Surprisingly, the TENDL-2013 data [5] not only underestimate the experimental results 
but, as can be seen in Fig. 13, two rather prominent additional peaks (at 18 and 40 MeV) are 
predicted for this process (maxima of 280, 310 and 240 mb at 18, 26 and 40 MeV, 
respectively). 
 
 
3.3.3. The natZr(p,X)88Zr process 
Numerous nuclear reactions (12 in total, see Table 1) contribute to the formation of the 
ground state of 88Zr (T1/2 = 83.40 d). Among them, four emit protons and neutrons only while 
eight involve complex-particle emission as well. There are no long-lived isomeric states and 
the 88Zr ground state decays to 88Y (T1/2 = 106.61 d) which again feeds stable 88Sr. As is usual 
in the case of Zr+p reactions that form radioactive zirconium isotopes, there are also co-
produced niobium radionuclides (88mNb and 88gNb, with half-lives 7.8 m and 14.3 m, 
respectively) which decay to 88Zr (see Table 1.). Due to their short half-lives, only cumulative 
cross sections for the formation of 88Zr can be extracted after the complete decay of these 
precursors. Similar to a few previous cases (see subsections 3.3.1 and 3.3.2), reactions by 
secondary neutrons can also contribute to the formation of 88Zr.  
 
The data available in the literature also contain contributions from the decay of 88Nb. 
Prior to the present work, five authors reported data for this process [17, 19, 22, 24, 26] (see 
Fig. 14). However, two studies published only two data points (Bringas et al. [17]) and one 
data point (Rignier et al. [24]) below 70 MeV. Systematic work was performed by Michel et 
al. [22] and recently by Uddin et al. [26] and Khandaker et al. [19]. The excitation functions 
of the latter two authors show good agreement with each other except near the threshold. 
Unfortunately, both authors reported values only for the rising part of the curve. The work of 
Michel et al. shows that the excitation function has one prominent maximum of about 350 mb 
near 41 MeV. Also, the values of Michel et al. are systematically higher than those of Uddin 
et al. and Khandaker et al. The two data points of Bringas et al. seem to support the values of 
Michel et al. and Uddin et al., while the only cross section of Rignier et al. at 59 MeV seems 
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to be and outlier with an extremely high value. None of the literature sources discussed the 
possible problem of neutron-induced reactions on natZr leading to 88Zr formation. 
We measured the excitation function of the natZr(p,X)88Zr process from threshold up to 66 
MeV (see Table 3 and Fig. 14). The 15 new cross-section values confirm the results of Michel 
et al., except for a relatively small shift towards lower energies (2–3 MeV). 
The shape of the excitation function is reproduced satisfactorily by the TENDL-2013 data 
[5], however, the predicted curve is shifted towards lower energies by about 3–4 MeV. The 
peak maximum is also slightly lower, about 310 mb near 36 MeV.  
 
 
3.3.4. The natZr(p,X)87(m+g)Zr process 
Twelve reactions are responsible for the production of 87Zr, similar to the case of 88Zr 
(see subsection 3.3.3 and Table 1). Both the 87mZr metastable state (T1/2 = 14 s) and the 87gZr 
ground state (T1/2 = 1.68 h) are populated by those reactions. The metastable state feeds the 
ground state via IT (100%), with 87gZr further decaying to 87Y which again feeds 87Sr (stable). 
In addition to the direct reactions, both 87mNb (T1/2 = 3.75 m) and 87gNb (T1/2 = 2.6 m) are 
short-lived precursors (see Table 1.). Consequently, only cumulative cross sections for the 
formation of 87(m+g)Zr can be measured via the usual non-destructive γ-ray spectroscopy. 
Neutron-induced reactions can also contribute, as mentioned before. 
Probably due to the relatively short half-life of 87Zr, no experimental data could be found 
in the literature. The present measurements constitute a set of 12 new cross sections between 
40 and 66 MeV. Although our dataset exhibits some scatter in the peak region (see Fig. 15 
and Table 3), it is clear that the excitation function has a single broad maximum – about 180 
mb at 56 MeV.  
The TENDL-2013 data [5] reproduces the shape of the excitation function satisfactorily, 
however the entire curve seems to be shifted towards lower energies (2–3 MeV). This is 
similar to the previous case (see subsection 3.3.3). Also, the theoretical curve underestimates 
the experimental values, predicting a maximum of about 140 mb near 54 MeV.  
 
 
3.3.5. The natZr(p,X)86Zr process 
The number of reactions participating in the formation of the 86Zr ground state (T1/2 = 
16.5 h) is the least among the investigated natZr+p→Zr nuclear processes (9 reactions, see 
Table 1). As a result of the decay of 86Zr, both the metastable and ground states of 86Y are 
populated. Finally, the latter radionuclide decays to stable 86Sr. Unfortunately, the decay of 
the co-produced 86Nb (T1/2 = 1.45 m) also contributes to the 86Zr yield in the activated 
samples, making it difficult to extract direct-formation cross sections for the natZr(p,X)86Zr 
process (see Table 1.). The cumulative cross sections, on the other hand, can be measured 
after the complete decay of 86Nb. One should also consider the possibility that neutron-
induced reactions may play a role. 
Only Michel et al. [22] published cumulative cross sections for this process above 50 
MeV. As shown in Fig. 16, the data covers the steep rise in the threshold region without quite 
reaching the expected peak maximum. The new results (7 cross sections, see Table 3 and Fig 
16) are in good agreement with the values of Michel et al.  
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Although the shape of the TENDL-2013 curve [5] is in good agreement with the 
measurements, it is clearly shifted towards lower energies by about 2–3 MeV. The TENDL-
2013 data set exhibits a maximum near 67 MeV with a value of about 41 mb.  
 
 
3.4 Formation of Y radionuclides 
There are eight radionuclides of yttrium that have half-lives between 0.8 h and 200 d and 
can be produced via proton induced nuclear reactions on natural Zr targets. Eight research 
groups reported cross sections for natZr+p processes resulting in metastable and/or ground 
states of 88Y, 87Y and 86Y radionuclides in different energy regions [15,19,20–23,26,27]. 
Concerning the formation of yttrium radionuclides, strontium and zirconium isobars can be 
significant precursors. The neutron background may also contribute production paths via 
neutron-induced reactions however such contributions will probably be negligible except near 
the effective excitation-function thresholds.  
Besides the above three radionuclides, new cross-section data for the formation of 91Y, 
90Y 86Y and 85Y are presented for the first time, to the best of our knowledge. The results for 
91mY, 90mY, 88Y, 87mY, 87(m+g)Y, 86mY, 86gY, 85mY and 85gY are presented in Figs. 17–25, 
respectively, while the numerical values are compiled in Table 4. The available literature 
values (corrected where necessary) are also reproduced in the appropriate figures. The energy 
and cross-section uncertainties of the literature values are not shown in the figures except in 
the cases of the natZr(p,X)87mY and natZr(p,X)88Y processes. 
3.4.1. The natZr(p,X)91mY process 
Proton-induced reactions on natZr populate both the metastable and ground states of 91Y. 
The 15 contributing reactions are listed in Table 1. The 91mY (T1/2 = 49.71 m) decays 
completely (IT) to 91gY (T1/2= 58.51 d) which further decays to stable 91Zr. The precursor 91Sr 
(T1/2 = 9.63 h) is formed via 10 contributing reactions on 94,96Zr above 20 MeV and decays 
completely to 91Y (see Table 1.). Note that the 91gY decay is accompanied by only very weak 
γ-ray emissions, thus, data were measured only for the metastable state. 
No previous results were found in the literature for either the natZr(p,X)91Sr or the 
natZr(p,X)91mY processes. Due to our experimental conditions, we could not identify the 
presence of 91Sr in the activated samples, therefore independent cross sections could not be 
extracted for the natZr(p,X)91mY process. However, taking into account the large difference in 
the respective half-lives and the decay branching ratio of 91Sr to 91mY (55.57%), the influence 
of the natZr(p,x)91Sr process is expected to be negligible. This means that, for all practical 
purposes, independent cross sections for the natZr(p,X)91mY process were measured shortly 
after EOB.  
Our results of 23 new cross sections up to 66 MeV are presented in Table 4 and Fig. 17. 
The excitation function is monotonically increasing over the studied energy region (20–66 
MeV) with no discernable peaks. In contrast, the TENDL-2013 data [5] predict a clear a peak 
near 17 MeV with a maximum of about 1.1 mb. Between 24 and 40 MeV, the predicted curve 
is consistent with the experimental results, but beyond this energy it overestimates the 
measured values. 
 
3.4.2. The natZr(p,X)90mY process 
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Altogether 16 reactions contribute to 90Y formation in natZr+p (see Table 1). The 
metastable state 90mY (T1/2 = 3.19 h) largely decays to the ground state 90gY (T1/2 = 2.671 d, IT: 
99.99%) which further decays to stable 90Zr. Only 90gY is fed by decay of the precursor 90Sr, 
thus, independent cross sections can be measured for the natZr(p,X)90mY process. 
Prior to the present investigation, no other group reported cross sections for this process. 
The new data (24 cross sections) are shown in Fig. 18 and compiled in Table 4. The excitation 
function shows a discernable peak with a maximum of about 1.6 mb near 25 MeV. Beyond 
the peak it increases monotonically in the investigated energy region.  
Up to the energy position of the peak, the theoretical TENDL-2013 data [5] show good 
agreement with the experimental results. However, the theoretical data systematically 
overestimate the measured values (see Fig. 18) beyond 25 MeV. This overestimation is about 
a factor of 2 at the highest measured energy. 
 
3.4.3. The natZr(p,X)88Y process 
The ground state of 88Y (T1/2 = 106.63 d) is formed via numerous (23) proton-induced 
nuclear processes on natZr (see Table 1). Note that no higher-lying states of this radionuclide 
have half-lives long enough to be observed in the present investigation. The decay of 88Y 
feeds 88Sr, which is stable. The formation of 88Y is also possible through a decay chain 
(88Nb→88Zr→88Y) above 19 MeV. The excitation function of 88Zr has already been discussed 
above (see subsection 3.3.3). The excitation function of 88Y exhibits a significant contribution 
from precursor decay (see Fig. 19). Since the half-lives of 88Y and 88Zr are very similar, the 
88Y activity in the activated natZr samples cannot be measured post complete precursor decay. 
Consequently, the measured activities must be corrected according to Ref. [22] for purposes 
of extracting cross sections. The cross sections obtained are consistent with the independent 
formation of 88Y. 
The available literature data [15,21–23,26,27] are presented in Fig. 19. Since the 
measured cross sections are in the range of 0.001 to 100 mb, a logarithmic presentation is 
employed in this figure. Three authors reported cross sections below 20 MeV [15,23,27] 
where 88Y are not formed via precursor decay. Only Al-Abyad et al. [15] and Murakami et al. 
[23] have an overlapping energy region between 11 and 14 MeV. These results seem to 
support each other, however, the values of Al-Abyad et al. are rather scattered below 14 MeV. 
As shown in Fig. 19, the results of Murakami et al. and Vysotskij et al. [27] exhibit a large 
discrepancy. According to the Vysotskij data, the excitation function starts at a much lower 
energy. The formation of 88Y via the decay of 88Zr formed by neutron-induced reactions in a 
relative high secondary neutron flux may be a possible explanation (also see subsection 
3.3.3). Levkovskij [21] and Michel et al. [22] show acceptable agreement in their overlap 
energy region. According to the paper of Michel et al. they published corrected cross sections. 
They measured cumulative cross sections for the mother nuclide (88Zr) and independent cross 
section for the product was determined using their correction method. Due to the lack of 
experimental details, it is only an assumption that the cross sections of Levkovskij are 
corrected for precursor decay. The Michel et al. data show rather large scatter between 34 and 
50 MeV with some noticeable outliers, as mentioned also in several previous cases. 
The cross sections of Uddin et al. [26] have been corrected for precursor decay. Note that 
the Uddin data constitute the lowest values among the various authors. It is noteworthy that 
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only Michel et al. and Uddin et al. reported cross sections for the formation of both 88Y and 
88Zr.  
It can be concluded that the excitation function peaks near 20 and 45 MeV with maxima 
of about 3.3 and 30 mb, respectively. We investigated the natZr(p,X)88Y process only from 14 
MeV up to higher energies. Naturally, we have also corrected our data for precursor decay, 
using the method described in Ref. [22], beyond 19 MeV. The 18 new cross sections are also 
presented in Fig. 19 and Table 4. Up to 30 MeV, the new data show good agreement with the 
values of Al-Abyad et al., Murakami et al., Levkovskij and Michel et al. Above 30 MeV, 
however, our values are slightly higher than those of other authors. 
The TENDL-2013 theoretical data [5] exhibit a rather good overall agreement with the 
measured data (see Fig. 19). Some overestimation, however, is evident above 30 MeV.  
 
 
3.4.4. The natZr(p,X)87mY process 
Proton-induced reactions on natZr populate one metastable state of 87Y (T1/2 = 13.37 h) 
besides the ground state (T1/2 = 79.8 h) in the investigated energy region. The 23 contributing 
reactions are compiled in Table 1. The decay of 87mY feeds 87gY (IT: 98.43%) as well as stable 
87Sr (1.57%). The 87gY ground state decays completely to stable 87Sr. The production 
conditions of the shorter-lived precursor 87Zr (also present in the decay chain 
87Nb→87Zr→87Y) have already been discussed in subsection 3.3.4. Its influence to the 
formation of 87Y is clearly observable above about 30 MeV. Note that 87gZr completely 
decays to the metastable state 87mY. 
Until now, four authors [19,21,22,26] reported independent cross sections for this process 
but only one author measured data above 40 MeV [22]. Their results are reproduced in Fig. 
20. Due to the large range of values, a logarithmic presentation of the results was selected. All 
data sets predict a similar shape for the excitation function with a prominent peak around 23 
MeV. In contrast to the agreement for the peak position, the various data sets show large 
differences in the measured values. Uddin et al. [26] published the lowest values and their 
maximum is only about 3 mb at the peak maximum. Although the data of Khandaker et al. 
[19] and Uddin are relative close to each other at low energies, above 17 MeV the Khandaker 
data are systematically higher, by about a factor of 2. As observed above for other cases, it is 
curious that data from the same laboratory published within one year can differ so much. Both 
authors [19,26] mentioned the presence of the precursor but they neglected its influence to 
their data. The cross sections of Levkovskij [21] are systematically (about 10–20%) higher 
than the values of Khandaker et al. Michel et al. [22] reported the highest values. Their peak 
maximum near 23 MeV is above 10 mb. There are, however, two cross-section values of 
Michel et al. (this time between 18 and 34 MeV) which are much closer to the results of 
Levkovskij and Khandaker et al. than to their own mainstream (see also the similar problem 
of Michel data in the case of the natZr(p,X)88Y process). The data of Michel et al. also exhibits 
a second peak close to 56 MeV with a maximum of about 250 mb. 
Our new cumulative cross sections (18 values, see Fig. 20 and Table 4) are consistent 
with the data of Levkovskij and above 45 MeV agree quite well with the results of Michel et 
al. The disagreements at lower energies are rather curious. 
The TENDL-2013 [5] curve seems to agree in absolute value only with the values of 
Khandaker et al. and underpredicts the results of Levkovskij, Michel et al. and the present 
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work. This rather low-lying curve relative to the majority of the experimental data is 
nevertheless consistently higher than the results of Uddin et al. 
 
 
3.4.5. The natZr(p,X)87(0.984m+g)Y process 
Concerning the production and decay of 87gY (T1/2 = 79.80 h), please refer to Table 1 and 
subsection 3.4.4. Prior to the present work, six groups investigated the natZr(p,x)87(0.984m+g)Y 
process. Their results are presented in Fig. 21. Murakami et al. [23], Khandaker et al. [19], 
Kondtrat’ev et al. [20] and Uddin et al. [26] reported cumulative cross sections after the 
complete decay of 87mY. We summed the independent cross sections of Levkovskij [21] 
measured on 90Zr and 91Zr to get cumulative values. According to Ref. [31], Michel et al. [22] 
reported independent cross sections by subtracting the contribution of the isomeric transition. 
Consequently, their values are also independent cross sections. It is therefore expected that 
the Michel et al. data should be lower than the results of the other authors.  
Below 13 MeV, the available data [19,20,22,23,26] are rather scattered (see Fig. 21). As 
in several previous instances, the data of Uddin et al. [26] are the lowest among the various 
data sets. They reported a peak maximum of about 5 mb near 25 MeV. Interestingly, 
Levkovskij [21] seems to support the values of Uddin et al. while Khandaker et al. [19] 
reported systematically higher values (10–20%), especially above 15 MeV (maximum of 8 
mb near 25 MeV). Similar to the above process (see subsection 3.4.4), Michel et al. published 
the highest values among the authors over the whole investigated energy region, with a 
maximum of about 15 mb near 25 MeV. This is contrary to expectations (see the previous 
paragraph). 
Above 30 MeV, the excitation function rises again, reaching a second maximum at about 
58 MeV. The data of Michel et al. and Kondtrat’ev et al. exhibit very different second 
maxima, about 250 and 60 mb, respectively. The behavior of the Kondtrat’ev data is very 
interesting. At low energies it is consistent with the data of Michel et al. but above 16 MeV it 
seems to support the results of Khandaker et al. However, between 35 and 40 MeV there is 
good agreement with the data of Uddin et al. Above 40 MeV, Kondtrat’ev et al. reported 
significantly smaller values than Michel et al., by a factor of between 4 and 6. If we assume 
that the cross-section values of Michel et al. are independent ones, this deviation is even more 
difficult to understand.  
The new results (20 cumulative cross sections, see Table 4 and Fig. 21) are consistent 
with the values of Michel et al.  
 
The TENDL-2013 data seem to support the values of Khandaker et al. and Murakami et 
al. in the overlapping energy regions. The entire curve is low-lying compared to the present 
data and those of Michel et al. 
 
 
3.4.6. The natZr(p,X)86mY process 
Numerous nuclear reactions on 90,91,92,94Zr contribute to the formation of 86Y in the 
activation of natZr with protons up to 66 MeV. The 15 participating reactions are compiled in 
Table 1. In addition to the ground state, the metastable state 86mY (T1/2 = 48 m) is also 
populated during the activation. The metastable state decays almost completely to the ground 
state (IT: 99.3%) while 86gY (T1/2 = 14.74 h) in turn completely decays to stable 86Sr. Since 
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the precursor (86Zr) decays only to the 86Y ground state, independent cross sections can be 
measured for the natZr(p,X)86mY process. 
As far as we know, the present work reports measured cross sections for the first time. 
The numerical data (21 values) are shown in Fig. 22 and compiled in Table 4. The excitation 
function has a distinct peak with a maximum of about 10 mb near 35 MeV. Above 52 MeV, it 
increases monotonically to the highest investigated energy.  
The TENDL-2013 [5] theoretical data predict the shape of the excitation function 
reasonably well and show a peak at the same energy as the experimental results. The 
maximum of the peak, however, is under-predicted and at energies above 55 MeV the 
theoretical values are systematically higher.  
 
 
3.4.7. The natZr(p,X)86(0.99m+g)Y process 
For the production and decay of 86gY (T1/2 = 14.74 h), please refer to the previous section 
and also to Table 1. As mentioned in subsection 3.4.7, 86gY is populated by the decay of 86mY 
as well as the precursor 86Zr. Formation of these radionuclides has already been discussed 
above (see subsections 3.4.6. and 3.3.5). The contribution from 86Zr decay is observable only 
above 40 MeV.  
The available literature results [19–22,26] are reproduced in Fig. 23. Levkovskij [21] 
measured cross sections for the 90Zr(p,X)86(m+g)Y process up to 30 MeV. For comparison his 
cumulative data were converted to a natural target composition. According to the EXFOR 
database [31] both Michel et al. [22] and Kondtrat’ev et al. [20] reported cumulative cross 
sections. Likewise, Uddin et al. [26] and Khandaker et al. [19] measured the activities after 
the complete decay of the metastable state. 
The published data for this excitation function are rather contradictory. The data of 
Kondtrat’ev et al. exhibit an effective threshold almost 10 MeV lower than the others. Due to 
this ‘energy shift’, the position of their peak maximum is also located at a lower energy (30 
MeV). The data of Michel et al. exhibit a peak maximum at 35 MeV. The maxima of the 
above two authors are close to each other (30 and 28 mb, respectively). The renormalized data 
of Levkovskij show excellent agreement with the values of Michel et al. The recently 
published cross sections of Uddin et al. and Khandaker et al. up to 40 MeV seem to be 
reasonably consistent with each other, especially in the threshold region, however, their 
respective maxima are somewhat different. Uddin et al. reported 18 mb at 35 MeV while 
Khandaker et al. measured a little higher value of about 21 mb at 37 MeV. In addition, the 
cross sections of Uddin et al. are systematically lower than those of Khandaker et al. at higher 
energies beyond the peak. Above 40 MeV, only Kondrat’ev et al. and Michel et al. reported 
experimental cross sections. Although their results seem to be in relatively good agreement, 
the energy shift in the Kondtrat’ev data is still observable. The results of Kondtrat’ev et al. 
show a second peak with a maximum of about 30 mb near 64 MeV. This second peak is 
notably absent in the data of Michel et al. 
The data set measured in the present work comprises 15 cross sections between 25 and 66 
MeV (see Table 4 and Fig. 23). It seems to support the recent results of Khandaker et al. [19] 
and Uddin et al. [26] in the overlapping energy region. Between 40 and 60 MeV, our values 
are systematically lower than those of Kondtrat’ev et al. [20] and Michel et al. [22]. Above 60 
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MeV, however, the new values are significantly higher, exhibiting a much steeper slope 
compared to the other data sets. 
The TENDL-2013 data [5] satisfactorily reproduce the shape of the excitation function 
and predict only one prominent peak below 70 MeV. While the position of the peak around 
34 MeV is close to that observed experimentally, the maximum of only about 12 mb is 
significantly lower. 
 
 
3.4.8. The natZr(p,X)85mY process 
A metastable state (85mY, T1/2 = 4.86 h) and the ground state of 85Y have both been 
observed experimentally in the investigated energy region. Details of the relevant reactions 
are given in Table 1. Both states decay separately to 85Sr. The decay chain ends at stable 85Rb. 
The co-produced precursor (85Zr) also has two longer-lived states (85gZr, T1/2 = 7.86 m and 
85mZr, T1/2 = 10.9 s). The decay of these states feed both states of 85Y (95% to 85gY and 5% to 
85mY). Since the threshold energy for the formation of 85Zr via the 90Zr(p,t3n)85Y reaction is 
much higher than that of the 90Zr(p,α2n)85Y reaction, the influence of the natZr(p,X)85Zr 
process is negligible below 48 MeV. Above 48 MeV, therefore, only cumulative cross 
sections can be measured for the natZr(p,X)85m,gY processes. Both these processes have not 
been investigated before, as far as we know. 
The present results include 8 cumulative cross sections for the natZr(p,X)86mY nuclear 
process above 45 MeV (see Table 4 and Fig. 24). Unfortunately, due to the rather large 
uncertainties and the sparseness of the experimental data, not much can be concluded 
concerning the shape of the excitation function from the measurements alone. A better idea 
can be formed by also including theoretical predictions. 
The theoretical data according to the TENDL-2013 compilation [5] show a prominent 
peak near 45 MeV with a maximum of about 14 mb. The excitation function has a local 
minimum near 59 MeV and increases again towards higher energies. Figure 24 shows that the 
agreement between the TENDL-2013 data and the experimental results is satisfactory within 
the rather large uncertainties of the latter.  
 
 
3.4.9. The natZr(p,X)85gY process 
For the production and decay of 85gY (T1/2 = 2.68 h), please refer to the previous section 
and also Table. 1. The new measurements comprise 9 cumulative cross sections but only 
above 42 MeV (see Table 4 and Fig. 25). No previous data was found in the literature for this 
process. The experimental results show a probable peak near 46 MeV with a maximum of 
about 9.5 mb.  
The TENDL-2013 data [5] also predict a peak for this process but at a somewhat lower 
energy (about 42 MeV). The peak maximum is significantly lower, at a value of only 2 mb. In 
addition, above 58 MeV the theoretical curve starts to increase sharply but the experimental 
data do not show this trend. This is possibly due to an overall energy shift between the 
theoretical prediction and the measurements. 
 
 
3.5. Formation of Sr radionuclides 
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Several Sr radionuclides can be produced below 66 MeV via natZn+p processes. Among 
them, seven have half-lives between 0.8 h and 200 d. However, excitation functions for only 
83Sr and 85Sr were found in the literature. The experimental conditions of the present 
investigation allowed the observation of only 85Sr in the activated samples. 
 
3.5.1 The natZr(p,X)85(0.87m+g)Sr process 
In addition to the ground state, one metastable state is also populated during the 
formation of 85Sr. When this shorter-lived metastable state (T1/2 = 1.126 h) decays, both the 
ground states of 85Sr (via IT: 87%) and 85Rb (via EC: 13%) are populated. The 85gSr (T1/2 = 
64.84 d) feeds only the ground state of 85Rb, which is stable. Table 1 contains the list of 
contributing reactions (on 90,91,92Zr) up to 66 MeV. Besides the direct reactions, the decay of 
both 85mY and 85gY (precursors) feed the isomeric and ground states of 85Sr. As already 
discussed above (see subsections 3.4.8. and 3.4.9), those states of 85Y are also populated by 
the decay of the metastable and ground states of 85Zr.  
Only one group previously reported cross sections for the above process in the 
investigated energy region, namely Michel et al. [22] (see Fig. 26). It has to be mentioned that 
due to the complex nature of the formation of 85Sr, it is practically impossible to measure the 
cross sections for the direct formation of 85Sr without chemical separation and complete 
knowledge of the excitation functions of the natZr(p,X)85Zr and the natZr(p,X)85Y nuclear 
processes. According to Ref. [22], the published cross sections for the natZr(p,X)85Sr process 
were obtained without chemistry and after the complete decay of 85Zr, 85Y and 85mSr – thus 
cumulative cross sections were reported. As shown in Fig. 26, their excitation function 
reaches a peak maximum of about 40 mb at 48 MeV. Above 60 MeV, the data exhibit an 
increasing trend. 
The present measurements provided 11 new cross sections for this process (see Table 3 
and Fig. 26). Within the uncertainties, these results show excellent agreement with the data of 
Michel et al. Note that below 40 MeV, however, the data of Michel et al. seem to be shifted 
towards lower energies, as seen in several previous cases as well. 
Although the TENDL-2013 data [5] describe the shape of the excitation function quite 
well, a significant underprediction of the cross sections for this process is evident. The peak 
maximum of about 6 mb near 48 MeV is almost a factor of 7 lower than obtained 
experimentally.  
 
 
 
4. Conclusions 
 
This work constitutes a systematic investigation, up to 66 MeV, of those natZr+p nuclear 
processes which lead to the formation of different Nb, Zr, Y and Sr radionuclides with half-
lives between 0.8 h and 200 d. For several processes, measured cross sections are presented 
for the first time. We also compared the present results with the available literature data and 
the predictions of the TALYS code as compiled in the TENDL-2013 library. These 
comparisons revealed several discrepancies between the available experimental data sets and 
also with the theoretical calculations. We have attempted to explain the most obvious cases 
where, for example, targetry problems, neglected nuclear processes, disturbing nuclear 
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reactions, etc., could have contributed to the observed discrepancies. Further experimental 
work is still required in some cases, especially close to the effective thresholds of the 
excitation functions and at higher energies (above 40 MeV) to get reliable databases for all the 
investigated processes. 
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Figure caption: 
 
Fig.1. Reference excitation function of the natTi(p,xn)48V monitor reaction [12] and cross 
sections of the same reaction measured in this study for beam monitoring purposes. 
 
Fig.2. Reference excitation function of the natCu(p,xn)62Zn monitor reaction [12] and cross 
sections of the same reaction measured in this study for beam monitoring purposes. 
 
Fig.3. Reference excitation function of the natCu(p,n)65Zn monitor reaction [12] and cross 
sections of the same reaction measured in this study for beam monitoring purposes. 
 
Fig.4. Independent cross sections for the formation of 96Nb via the natZr(p,n)96Nb nuclear 
reaction. 
 
Fig.5. Independent cross sections for the formation of 95mNb via the natZr(p,2n)95mNb nuclear 
process. 
 
Fig.6. Independent cross sections for the formation of 95gNb via the natZr(p,X)95gNb nuclear 
process. 
 
Fig.7. Independent cross sections for the formation of 92mNb via the natZr(p,xn)92mNb nuclear 
process. 
 
Fig.8. Independent cross sections for the formation of 91mNb via the natZr(p,xn)91mNb nuclear 
process. 
 
Fig.9. Cumulative cross sections for the formation of 90(m+g)Nb via the natZr(p,xn)90(m+g)Nb 
nuclear process. 
 
Fig.10. Independent cross sections for the formation of 89mNb via the natZr(p,xn)89mNb nuclear 
process. 
 
Fig.11. Independent cross sections for the formation of 89gNb via the natZr(p,xn)89gNb nuclear 
process.  
 
Fig.12. Cumulative cross sections for the formation of 95Zr via the natZr(p,X)95Zr nuclear 
process. 
 
Fig.13. Cumulative cross sections for the formation of 89(0.94m+g)Zr via the 
natZr(p,X)89(0.94m+g)Zr nuclear process. 
 
Fig.14. Cumulative cross sections for the formation of 88Zr via the natZr(p,X)88Zr nuclear 
process. 
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Fig.15. Cumulative cross sections for the formation 87(m+g)Zr via the natZr(p,X)87(m+g)Zr nuclear 
process. 
 
Fig.16. Cumulative cross sections for the formation 86Zr via the natZr(p,X)86Zr nuclear 
process. 
 
Fig.17. Independent cross sections for the formation of 91mY via the natZr(p,X)91mY nuclear 
process. 
 
Fig.18. Independent cross sections for the formation of 90mY via the natZr(p,X)90mY nuclear 
process  
 
Fig.19. Independent cross sections for the formation of 88Y via the natZr(p,X)88Y nuclear 
process. 
 
Fig.20. Cumulative cross sections for the formation of 87mY via the natZr(p,X)87mY nuclear 
process. 
 
Fig.21. Cumulative cross sections for the formation of 87(0.984m+g)Y via the natZr(p,X)87mY 
nuclear process.  
 
Fig.22. Independent cross sections for the formation of 86mY via the natZr(p,X)86mY nuclear 
process. 
 
Fig.23. Cumulative cross sections for the formation of 86(0.99m+g)Y via the natZr(p,X)86(0.99m+g)Y 
nuclear process. 
 
Fig.24. Cumulative cross sections for the formation of 85mY via the natZr(p,X)85mY nuclear 
process. 
 
Fig.25. Cumulative cross sections for the formation of 85gY via the natZr(p,X)85gY nuclear 
process. 
 
Fig.26. Cumulative cross sections for the formation of 86(0.87m+g)Sr via the 
natZr(p,X)86(0.87m+g)Sr nuclear process. 
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Fig.3. 
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Fig.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
2
4
6
8
10
12
14
16
18
20
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Al-Abyad (2012) [15]
Blaser et al.(1951) enriched [16]
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
Skakun et al.(1987) enriched [25]
Uddin et al. (2008) [26]
This work
TENDL-2013 [5]
natZr(p,n)96Nb
  
- 31 - 
 
 
 
Fig.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
30
35
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
s
s
 
s
e
c
tio
n
 
(m
b)
Levkovskij (1991) enriched (corrected) [21]
Michel et al.(1997) [22]
Murakami et al. (2014) [23]
This work
TENDL-2013 [5]
natZr(p,2n)95mNb
  
- 32 - 
 
 
 
Fig.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
30
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Al-Abyad (2012) (cummulative: m+g) [15]
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
Uddin et al. (2008) [26]
Vysotskij et al. (1991) [27]
This work 
TENDL-2013 [5]
natZr(p,X)95gNb
  
- 33 - 
 
Fig.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
120
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Al-Abyad (2012) [15]
Blaser et al. (1951) enriched [16]
Khandaker et al. (2009) [19]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
Skakun et al. (1987) enriched [25]
Uddin et al. (2008) [26]
Vysotskij et al. (1991) [27]
This work
TENDL-2013 [5]
natZr(p,xn)92mNb
  
- 34 - 
 
Fig.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Blaser et al. (1951) enriched [16]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
Vysotskij et al. (1991) [27]
TENDL-2013 [5]
This work
natZr(p,xn)91mNb
  
- 35 - 
 
Fig.9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
100
200
300
400
500
600
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Al -Abyad (2012) [15]
Busse et al. (2002) [18]
Khandaker et al.(2009) [19]
Kondtrat'ev et al. (1991) [20]
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
Skakun et al. (1987) enriched [25]
Uddin et al.(2008) [26]
This work
TENDL-2013 [5]
natZr(p,xn)90(m+g)Nb
  
- 36 - 
 
Fig.10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Busse (2009) [18]
Levkovskij (1991) enriched (corrected) [21]
This work
TENDL-2013 [5]
natZr(p,xn)89mNb
  
- 37 - 
 
Fig.11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
100
200
300
400
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Busse (2009) [18]
This work
TENDL-2013 [5]
natZr(p,xn)89gNb
  
- 38 - 
 
Fig.12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
6
7
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
This work
TENDL-2013 [5]
natZr(p,X)95Zr
  
- 39 - 
Fig.13 
Fig.13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
100
200
300
400
500
600
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Khandaker et al.(2009) [19]
Levkovskij (1991) enriched (corrected) [21]
Michel et al.(1997) [22]
Uddin et al. (2008) [26]
This work
TENDL-2013 [5]
natZr(p,X)89(0.94m+g)Zr
  
- 40 - 
 
Fig.14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
100
200
300
400
500
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Bringas et al. (2005) [17]
Khandaker et al. (2009) [19]
Michel et al. (1997) [22]
Rignier et al. (1982) [24]
Uddin et al. (2008) [26]
This work
TENDL-2013 [5]
natZr(p,X)88Zr
  
- 41 - 
 
Fig.15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
120
140
160
180
200
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
TENDL-2013 [5]
This work
natZr(p,X)87(m+g)Zr
  
- 42 - 
Fig.16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
50
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Michel et al. (1997) [22]
This work
TENDL-2013 [5]
natZr(p,X)86Zr
  
- 43 - 
Fig.17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
This work 
TENDL-2013 [5]
natZr(p,X)91mY
  
- 44 - 
Fig.18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
6
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b) This work
TENDL-2013 [5]
natZr(p,X)90mY
  
- 45 - 
Fig.19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01
1.E+02
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Al-Abyad (2012) [15]
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) [22]
Murakami et al. (2014) [23]
Uddin et al. (2008) [26]
Vysotskij et al. (1991) [27]
TENDL-2013
This work
natZr(p,X)88Y
  
- 46 - 
Fig.20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.E-02
1.E-01
1.E+00
1.E+01
1.E+02
1.E+03
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
s
s
 
s
e
c
tio
n
 
(m
b)
Khandaker et al. (2009) [19]
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) cummulative [22]
Uddin et al. (2008) [26]
This work
TENDL-2013 [5]
natZr(p,X)87mY
  
- 47 - 
Fig.21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01
1.E+02
1.E+03
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Khandaker et al. (2009) [19]
Kondrat'ev et al. (1991) [20]
Michel et al. (1997) (excluding isom. trans.) [22]
Murakami et al. (2014) [23]
Uddin et al. (2008) [26]
This work
TENDL-2013 [5]
Levkovskij (1991) enriched (corrected) [21]
natZr(p,X)87(0.984m+g)Y
  
- 48 - 
Fig.22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
4
8
12
16
20
24
28
32
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
This work
TENDL-2013 [5]
natZr(p,X)86mY
  
- 49 - 
Fig.23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Khandaker et al. (2009) [19]
Kondrat'ev et al. (1991) [20]
Levkovskij (1991) enriched (corrected) [21]
Michel et al. (1997) [22]
Uddin et al. (2008) [26]
This work
TENDL-2013 [5]
natZr(p,X)86(0.99m+g)Y
  
- 50 - 
Fig.24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
2
4
6
8
10
12
14
16
18
20
22
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
This work
TENDL-2013 [5]
natZr(p,X)85mY
  
- 51 - 
Fig.25 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
2
4
6
8
10
12
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
This work
TENDL-2013 [5]
natZr(p,X)85gY
  
- 52 - 
Fig.26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
50
0 10 20 30 40 50 60 70
Proton energy (MeV)
Cr
o
ss
 
se
ct
io
n
 
(m
b)
Michel et al. (1997) [22]
This work
TENDL-2013 [5]
natZr(p,X)85(0.87m+g)Sr
  
- 53 - 
 
Table 1. Decay data of the investigated Nb, Zr, Y and Sr radionuclides produced via natZr+p 
nuclear processes.  
 
Isotope Half-life Energya 
(MeV) 
Branching 
ratio (%) 
Contributing reactionsb Q-valuec 
(MeV) 
96gNb 23.35 h 460.04 
568.87 
778.22 
26.62 
58.00 
96.45 
96Zr(p,n)96Nb -0.62 
95mNb 3.61 d 235.69 24.8 96Zr(p,2n)95Nb 
Decay of 95Zr (T1/2 = 64.0 d) 
(see below) 
-7.51 
95gNb 34.99 d 765.80 99.81 The same as for 95mNb 
(see above) 
 
92mNb 10.15 d 934.44 99.15 92Zr(p,n)92Nb 
94Zr(p,3n)92Nb 
96Zr(p,5n)92Nb 
-2.79 
-17.74 
-32.06 
91mNb 60.86 d 1204.67 2.02# 91Zr(p,n)91Nb 
92Zr(p,2n)91Nb 
94Zr(p,4n)91Nb 
96Zr(p,6n)91Nb 
 2.06 
-10.67 
-25.63 
-39.94 
90gNb 14.60 h 141.18 
1129.22 
66.80 
92.70 
90Zr(p,n)90Nb 
91Zr(p,2n)90Nb 
92Zr(p,3n)90Nb 
94Zr(p,5n)90Nb 
96Zr(p,7n)90Nb 
-6.89 
-14.09 
-22.72 
-37.68 
-51.99 
89mNb 1.10 h 580.00 95.57 90Zr(p,2n)89Nb 
91Zr(p,3n)89Nb 
92Zr(p,4n)89Nb 
94Zr(p,6n)89Nb 
96Zr(p,8n)89Nb 
-17.00 
-24.20 
-32.83 
-47.78 
-62.10 
89gNb 2.03 h 920.50 
1627.00 
1.40 
3.50# 
The same as for 98mNb 
(see above) 
 
      
95Zr 64.032 d 724.19 
756.73 
44.27 
54.38 
96Zr(p,pn)95Zr 
Decay of 95Y (T1/2 = 10.3 m): 
96Zr(p,2p)95Y→95Zr 
-7.85 
 
-11.52 
89gZr 78.41 h 909.15 99.04 90Zr(p,pn)89Zr 
91Zr(p,p2n)89Zr 
92Zr(p,p3n)89Zr 
94Zr(p,p5n)89Zr 
96Zr(p,p7n)89Zr 
Decay of 89Nb (see above) 
-11.97 
-19.16 
-27.80 
-42.75 
-57.07 
88Zr 83.40 d 392.87 97.29 90Zr(p,p2n)88Zr 
91Zr(p,p3n)88Zr 
92Zr(p,p4n)88Zr 
94Zr(p,p6n)88Zr 
Decay of 88m,gNb (T1/2 = 7.8 m 
and 10.3 m):  
90Zr(p,3n)88Nb→88Zr 
-21.29 
-28.48 
-37.12 
-52.07 
 
 
-29.52 
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91Zr(p,4n)88Nb→88Zr 
92Zr(p,5n)88Nb→88Zr 
94Zr(p,7n)88Nb→88Zr 
-36.72 
-45.35 
-60.31 
87gZr 1.68 h 1227.00  2.8# 90Zr(p,p3n)87Zr 
91Zr(p,p4n)87Zr 
92Zr(p,p5n)87Zr 
94Zr(p,p7n)87Zr 
Decay of 87m,gNb (T1/2 = 3.8 m 
and 2.6 m):  
90Zr(p,4n)87Nb→87Zr 
91Zr(p,5n)87Nb→87Zr 
92Zr(p,6n)87Nb→87Zr 
-33.64 
-40.83 
-49.47 
-64.42 
 
 
-39.90 
-47.09 
-55.73 
86Zr 16.5 h 242.80 95.84 90Zr(p,p4n)86Zr 
91Zr(p,p5n)86Zr 
92Zr(p,p6n)86Zr 
Decay of 86Nb (T1/2 = 1.45 m):  
90Zr(p,5n)86Nb→86Zr 
91Zr(p,6n)86Nb→86Zr 
-43.09 
-50.28 
-58.92 
 
-52.71 
-59.90 
      
91mY 49.71 m 555.57 95.00 92Zr(p,2p)91Y 
94Zr(p,2p2n)91Y 
96Zr(p,2p4n)91Y 
Decay of 91Sr (T1/2 = 9.63 h):  
94Zr(p,3pn)91Sr→91Y 
96Zr(p,3p3n)91Sr→91Y 
-9.40 
-24.35 
-38.67 
 
-26.27 
-40.58 
90mY 3.19 h 202.53 
479.51 
97.30 
90.74 
91Zr(p,2p)90Y 
92Zr(p,2pn)90Y 
94Zr(p,2p3n)90Y 
96Zr(p,2p5n)90Y 
-8.69 
-17.33 
-32.28 
-46.60 
88Y 106.63 d 898.04 93.70 90Zr(p,2pn)88Y 
91Zr(p,2p2n)88Y 
92Zr(p,2p3n)88Y 
94Zr(p,2p5n)88Y 
96Zr(p,2p7n)88Y 
Decay of 88Nb and 88Zr (see 
above) 
-19.84 
-27.03 
-35.66 
-50.62 
-64.93 
87mY 13.37 h 380.79 78.06 90Zr(p,2p2n)87Y 
91Zr(p,2p3n)87Y 
92Zr(p,2p4n)87Y 
94Zr(p,2p6n)87Y 
Decay of  87Nb and 87Zr (see 
above) 
-29.19 
-36.38 
-45.02 
-59.97 
 
87gY 79.80 h 388.53 
484.81 
82.20 
89.80 
See above  
86mY 0.8 h 208.10 93.70 90Zr(p,2p3n)86Y 
91Zr(p,2p4n)86Y 
92Zr(p,2p5n)86Y 
Decay of 86Nb and 86Zr (see 
above) 
-40.99 
-48.19 
-56.82 
86gY 14.74 h 1076.63 82.5 See above  
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85mY 4.86 h 535.60 3.50 90Zr(p,2p4n)85Y 
91Zr(p,2p5n)85Y 
Decay of 85m,gZr (T1/2 = 10.9 s 
and 7.86 m):  
90Zr(p,p5n)85Zr→85Y 
91Zr(p,p6n)85Zr→85Y 
-50.51 
-57.70 
 
 
-55.96 
-63.15 
85gY 2.68 h 913.89+ 9.0# See above  
      
85gSr 64.84 d 514.01 96.00 90Zr(p,3p3n)85Sr 
91Zr(p,3p4n)85Sr 
92Zr(p,3p5n)85Sr 
Decay of 85Nb (T1/2 = 20.9 s): 
90Zr(p,6n)85Nb→85Zr→85Y 
Decay of 85Zr and 85Y(see 
above) 
-46.46 
-53.65 
-62.29 
 
-63.63 
a Characteristic γ-ray energies used for identification and quantification of the radionuclides 
investigated in this work.  
b Nuclear reactions forming the radionuclide below 66 MeV. 
c
 In the case of emission of complex particles, the Q-values must be modified by the 
respective binding energies of the compound particles: np→d (+2.2 MeV), 2np→t (+8.48 
MeV), 2pn→3He (+7.72 MeV), 2p2n→α (+28.30 MeV). Note that Q-values for isomeric 
states must also be decreased with the respective level energies of those states. 
# Data taken from Ref.[10].  
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Table 2. Cross sections of natZr+p nuclear processes leading to the formation of Nb radionuclides. 
 
Cross section (mb) Energy 
(MeV) 96Nb 95mNb 95gNb 92mNb 91mNb 90(m+g)Nb 89mNb 89gNb 
3.0±0.9a 0.048±0.005 - - 0.27±0.03 - - - - 
4.0±0.9a 0.33±0.04 - - 1.44±0.16 - - - - 
4.7±0.8a 1.27±0.14 - - - - - - - 
5.8±0.8a 4.88±0.53 - - 20.07±2.18 - - - - 
6.5±0.8a 7.78±0.85 - - 32.50±3.53 - - - - 
7.0±0.7a 10.52±1.14 - - 42.82±4.65 - 3.35±0.36 - - 
7.9±0.7a 13.66±1.48 - - 62.40±6.78 18.89±2.05 70.15±7.62 - - 
8.4±0.7a 14.11±1.53 - - 70.67±7.68 23.93±2.56 139.21±15.12 - - 
8.9±0.7a 12.83±1.39 1.79±0.40 4.04±0.70 78.98±8.58 - 190.17±20.66 - - 
9.6±0.6a 9.32±1.01 - 10.15±1.10 89.62±9.74 27.04±2.94 247.27±26.86 - - 
10.1±0.6a 7.83±0.85 5.08±0.66 10.79±1.43 94.31±10.25 28.65±3.11 282.21±30.66 - - 
10.5±0.6a 6.19±0.67 6.60±2.62 13.20±6.12 96.16±10.45 - 302.48±32.86 - - 
11.2±0.6a 4.44±0.48 5.07±1.08 12.71±3.43 99.18±10.78 27.85±3.02 327.80±35.61 - - 
11.6±0.5a 3.96±0.43 7.50±0.89 15.26±1.89 91.21±9.91 - 343.06±37.27 - - 
13.0±0.5a 2.27±0.25 6.58±1.35 17.75±2.99 47.05±5.22 57.42±6.24 370.94±40.29 - - 
14.3±0.4a 1.38±0.15 7.40±1.13 21.16±2.84 22.39±2.50 68.11±7.40 402.58±43.73 - - 
15.6±0.4a 1.18±0.13 6.22±1.26 21.10±3.27 11.43±1.51 66.78±7.25 419.72±45.61 - - 
16.7±0.3a 1.02±0.11 6.59±0.92 24.12±2.89 8.03±0.94 64.22±6.98 420.39±45.67 - - 
17.7±1.5c - - - - - - 13.89±1.51 67.09±7.29 
17.9±0.3a 1.11±0.11 6.64±1.44 24.50±3.78 5.33±0.83 61.87±6.72 374.77±36.15 - - 
20.0±1.7b,d 0.97±0.32 4.10±0.45 18.85±2.05 9.11±0.99 49.26±6.08 263.69±28.64 55.23±6.02 273.92±34.70 
22.1±1.3c - - - - - - 64.11±6.96 289.98±31.50 
24.2±1.6b,d 0.91±0.30 1.12±0.17 7.06±0.77 45.71±4.97 33.08±5.53 132.04±14.34 73.43±7.99 281.68±32.22 
25.9±1.2c - - - - - - 60.44±6.57 337.45±36.66 
27.3±1.6b,d 0.76±0.25 0.81±0.19 4.27±0.46 56.37±6.13 19.18±3.79 128.06±13.91 57.12±6.22 392.63±45.88 
29.3±1.1c - - - - - - 45.33±4.92 342.96±37.26 
30.1±1.5b,d 0.83±0.27 - 3.18±0.71 52.16±5.67 11.32±3.33 137.97±14.99 46.31±5.04 309.65±35.86 
32.8±1.5b,d 0.65±0.21 - 2.67±0.30 37.08±4.03 10.98±3.60 133.15±14.46 28.84±3.16 228.39±29.76 
35.2±0.9c - - - - - - 25.75±2.80 162.62±17.67 
35.3±1.4b,d 0.78±0.25 0.74±0.30 2.13±0.84 25.37±2.76 13.76±4.25 123.47±13.41 23.80±2.60 161.43±20.13 
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38.8±1.3b,d 0.79±0.26 - 3.04±1.28 15.75±1.71 13.81±4.12 100.05±10.87 20.50±2.24 131.47±17.12 
40.3±0.7c - - - - - - 18.92±2.06 125.93±13.68 
42.2±1.2b,d 0.75±0.36 - 2.38±0.87 13.04±1.42 18.61±5.67 73.50±7.98 18.31±2.00 121.87±14.48 
45.1±0.6c - - - - - - 17.23±1.87 110.11±11.96 
45.3±1.2b,e 0.62±0.20 - 1.95±0.89 12.88±1.40 15.08±4.11 59.82±6.50 17.30±1.90 129.11±15.59 
48.3±1.1b,e 0.59±0.19 - 1.56±0.49 11.60±1.26 12.25±3.97 57.90±6.29 16.99±1.86 106.26±12.56 
49.4±0.4c - - - - - - 14.75±1.51 112.10±11.63 
51.2±1.0b,e 0.49±0.16 - 1.55±1.13 11.29±1.23 10.37±3.49 62.00±6.73 15.20±1.66 104.21±12.68 
53.9±1.0b,e 0.56±0.18 - 1.40±1.17 11.10±1.21 8.47±4.06 62.88±6.83 13.85±1.52 86.48±9.86 
56.6±0.9b,e - - 2.71±0.29 9.70±1.05 10.71±3.52 64.26±6.98 11.79±1.29 93.78±11.06 
59.8±0.9b,e - - 1.36±0.62 8.46±0.92 - 58.93±6.40 11.72±1.27 72.59±7.89 
63.0±0.8b,e - - 1.32±1.16 7.74±0.84 7.73±3.76 52.84±5.74 10.21±1.12 71.57±8.64 
65.9±0.7b,e - - 1.39±0.89 7.13±0.75 - 48.03±4.93 10.90±1.18 59.82±6.50 
a ATOMKI 
b iThemba LABS, long activation 
c NIRS  
d iThemba LABS, short activation II 
e iThemba LABS, short activation I 
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Table 3. Cross sections of natZr+p nuclear processes leading to the formation of Zr and Sr radionuclides. 
 
Cross section (mb) Energy 
(MeV) 95Zr 89(0.938m+g)Zr 88Zr 87(m+g)Zr 86Zr 85(0.87m+g)Sr 
14.3±0.4a 1.09±0.16 - - - - - 
15.6±0.4a 1.61±0.22 10.65±1.27 - - - - 
16.7±0.3a 2.06±0.29 54.81±5.96 - - - - 
17.9±0.3a 2.59±0.31 137.15±14.32 - - - - 
20.0±1.7b,d 3.19±0.35 268.85±25.95 - - - - 
24.2±1.6b,d 4.53±0.50 425.32±46.20 2.35±0.26 - - - 
27.3±1.6b,d 4.80±0.53 486.72±54.29 7.19±0.78 - - - 
30.1±1.5b,d 4.83±0.54 493.08±53.90 54.56±5.93 - - - 
32.8±1.5b,d 4.69±0.53 407.10±44.49 151.51±16.46 - - - 
35.3±1.4b,d 4.95±0.56 330.36±36.10 244.05±26.51 - - 3.02±0.33 
38.8±1.3b,d 4.68±0.53 290.29±31.69 303.4±32.96 - - 14.46±1.57 
40.3±0.7c - - - 15.18±1.65 - - 
42.2±1.2b,d 4.94±0.56 271.50±29.57 325.94±35.41 67.65±13.26 - 26.88±2.92 
45.1±0.6c - - - 142.61±15.49 - - 
45.3±1.2b,e 4.49±0.51 266.67±28.97 311.58±33.85 147.59±21.47 - 35.54±3.86 
48.3±1.1b,e 4.64±0.52 257.15±27.93 269.76±29.30 279.83±32.30 0.11±0.01 39.98±4.34 
49.4±0.4c - - - 322.41±32.94 - - 
51.2±1.0b,e 4.44±0.50 244.50±26.56 236.29±25.67 394.94±45.12 0.36±0.04 38.85±4.22 
53.9±1.0b,e 4.48±0.51 233.39±25.35 219.23±23.82 469.14±51.88 1.71±0.19 35.31±3.84 
56.6±0.9b,e 4.41±0.50 220.38±23.94 195.58±21.25 447.82±49.75 5.01±0.54 31.69±3.44 
59.8±0.9b,e 4.26±0.48 210.79±22.90 200.30±21.76 500.71±54.39 13.88±1.51 29.18±3.17 
63.0±0.8b,e 4.40±0.50 203.17±22.07 191.79±20.83 417.31±45.96 25.69±2.79 28.99±3.15 
65.9±0.7b,e 4.18±0.47 200.15±20.94 180.01±18.87 418.71±45.48 36.09±3.48 29.67±3.23 
a ATOMKI 
b iThemba LABS, long activation 
c NIRS 
d iThemba LABS, short activation II 
e iThemba LABS, short activation I 
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Table 4. Cross sections of natZr+p nuclear processes leading to the formation of Y radionuclides. 
 
Cross section (mb) Energy 
(MeV) 91mY 90mY 88Y 87mY 87(0.984m+g)Y 86mY 86(0.99m+g)Y 85mY 85gY 
12.2±1.6c 0.25±0.13 - - - - - - - - 
13.0±0.5a - - - - - - - - - 
14.3±0.4a - - 0.60±0.08 - 2.01±0.58 - - - - 
15.6±0.4a - - 0.89±0.13 - 3.26±1.01 - - - - 
16.7±0.3a - - 1.17±0.16 1.44±0.38 4.33±0.49 - - - - 
17.7±1.5c 0.39±0.18 0.30±0.08 - - - - - - - 
17.9±0.3a - - 1.61±0.20 3.01±0.45 6.24±1.62 - - - - 
20.0±1.7b,d 0.37±0.13 0.95±0.20 - 3.85±0.42 8.06±0.88 - - - - 
22.1±1.3c 0.57±0.21 1.34±0.20 - - - - 0.39±0.02 - - 
24.2±1.6b,d 0.49±0.16 1.40±0.29 4.71±0.51 7.88±0.86 14.37±1.56 0.90±0.19 1.01±0.11 - - 
25.9±1.2c 0.53±0.26 1.66±0.26 - - - 1.69±0.17 5.28±0.57 - - 
27.3±1.6b,d 0.50±0.12 1.14±0.25 5.12±0.56 7.58±0.82 13.03±1.42 3.80±0.47 7.07±0.77 - - 
29.3±1.1c 0.59±0.19 1.38±0.20 - - - 4.98±0.50 13.74±1.49 - - 
30.1±1.5b,d 0.89±0.21 1.14±0.20 9.95±1.08 7.38±0.80 11.51±1.25 6.65±0.77 14.12±1.53 - - 
32.8±1.5b,d - 1.21±0.22 17.44±1.89 7.91±0.86 13.22±1.44 7.87±0.89 17.72±1.93 - - 
35.2±0.9c 0.87±0.17 1.14±0.18 - - - 10.32±0.62 20.86±2.27 - - 
35.3±1.4b,d 0.90±0.13 1.39±0.22 24.77±2.69 9.50±1.03 14.90±1.62 10.01±1.10 21.67±2.35 - - 
38.8±1.3b,d 1.02±0.18 1.58±0.27 34.58±3.76 10.60±1.15 18.20±2.16 8.58±0.94 17.92±1.95 - - 
40.3±0.7c 1.38±0.25 1.23±0.17 - - - 8.50±1.22 15.30±1.66 - - 
42.2±1.2b,d - 1.66±0.26 38.88±4.24 22.50±2.44 33.20±3.82 6.83±0.76 14.04±1.53 - 7.49±1.07 
45.1±0.6c 1.24±0.27 1.42±0.16 - - - 6.86±0.75 12.60±1.37 - - 
45.3±1.2b,e 1.88±0.37 1.37±0.26 45.45±4.94 64.80±7.04 82.30±8.94 6.63±0.75 12.20±1.33 15.32±2.29 9.35±1.28 
48.3±1.1b,e 1.85±0.35 1.71±0.26 45.42±4.93 120.30±13.07 148.40±16.12 6.61±0.74 12.41±1.35 15.59±4.82 8.63±1.14 
49.4±0.4c 1.61±0.26 1.72±0.16 - - - 6.91±0.73 12.82±1.39 - - 
51.2±1.0b,e 1.78±0.34 2.08±0.29 43.99±4.78 168.76±18.33 203.89±22.15 6.60±0.73 12.80±1.39 12.81±2.07 8.00±1.16 
53.9±1.0b,e 2.20±0.36 2.31±0.28 44.75±4.86 198.33±21.54 239.72±26.04 7.50±0.82 14.40±1.56 13.95±2.92 7.25±0.79 
56.6±0.9b,e 2.29±0.26 2.37±0.31 - 216.69±23.54 259.13±28.15 8.71±0.95 19.60±2.13 5.77±3.19 6.48±0.91 
59.8±0.9b,e 2.56±0.29 2.46±0.27 44.94±4.88 215.82±23.44 266.47±28.95 12.89±1.40 32.73±3.56 8.24±1.90 5.17±0.56 
63.0±0.8b,e 2.73±0.28 2.23±0.28 45.73±4.97 207.17±22.51 251.59±27.33 16.62±1.82 48.51±5.27 9.30±2.44 5.62±0.75 
65.9±0.7b,e 3.15±0.32 2.85±0.31 45.52±4.95 195.06±18.81 237.34±25.78 22.71±2.47 63.67±6.14 7.15±1.98 5.09±0.55 
a ATOMKI 
b iThemba LABS, long activation 
c NIRS 
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d iThemba LABS, short activation II 
e iThemba LABS, short activation I 
 
 
 
 
 
 
 
 
 
 
